Extensive biodegradation of 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) by the white rot fungus Phanerochaete chrysosporium was demonstrated by disappearance and mineralization of [14CJDDT in nutrient nitrogen-deficient cultures. Mass balance studies demonstrated the formation of polar and water-soluble metabolites during degradation. Hexane-extractable metabolites identified by gas chromatography-mass spectrometry included 1,1-dichloro-2,2-bis(4-chlorophenyl)ethane (DDD), 2,2,2-trichloro-1,1-bis(4-chlorophenyl)ethanol (dicofol), 2,2-dichloro-1,1-bis(4-chlorophenyl)ethanol (FW-152), and 4,4'-dichlorobenzophenone (DBP). DDD was the first metabolite observed; it appeared after 3 days of incubation and disappeared from culture upon continued incubation. This, as well as the fact that [14C]dicofol was mineralized, demonstrates that intermediates formed during DDT degradation are also metabolized. These results demonstrate that the pathway for DDT degradation in P. chrysosporium is clearly different from the major pathway proposed for microbial or environmental degradation of DDT. Like P. chrysosporium ME-446 and BKM-F-1767, the white rot fungi Pleurotus ostreatus, Phellinus weirii, and Polyporus versicolor also mineralized DDT.
ber of fungi can, indeed, degrade DDT. Subba-Rao and Alexander (30) and Engst et al. (9) (10) (11) have further suggested that the pathway for DDT degradation for some of the fungi they studied is similar to or the same as the major pathway proposed for bacteria.
We have recently presented evidence that the lignindegrading system of the white rot fungus Phanerochaete chrysosporium is able to mineralize [14C]DDT, as well as a number of other persistent environmental pollutants (5) (6) (7) . In the present investigation we have identified and documented the presence of a number of the major metabolic intermediates formed during the biodegradation of DDT by this wood-rotting fungus. Furthermore, our studies (5) (6) (7) show that DDT degradation, like lignin degradation, is promoted by the onset of idiophasic metabolism in response to nutrient nitrogen starvation. The present study shows that the major metabolic pathway for DDT degradation by this microorganism during idiophasic metabolism is clearly different from the major metabolic pathway that has been shown to occur in bacteria. The major metabolic pathway for DDT biodegradation in P. chrysosporium proceeds via a pathway in which DDT is first oxidized to 2,2,2-trichloro-1,1-bis(4-chlorophenyl)ethanol (dicofol), which is then dechlorinated to form 2,2-dichloro-1,1-bis(4-chlorophenyl)ethanol (FW-152). Ultimately, oxidative carbon-carbon bond cleavage results in formation of DBP, which then presumably undergoes aromatic ring cleavage or reductive dechlorination followed by degradation to carbon dioxide. cific Northwest Station, Corvallis, Oreg. Polyporits versico/lor was maintained on yeast agar, and the other fungi used in this study were maintained on malt agar. All fungi were kept at room temperature until used. Subcultures were routinely made every 30 to 60 days.
Chemicals. Dicofol and FW-152 were gifts from Rohm & Haas Co., Spring House, Pa. DDT and DDT metabolites were purchased from Aldrich Chemical Co., Inc., Milwaukee, Wis.
[14C]dicofol (9.78 mCi/mmol) was also a gift from Rohm & Haas Co. rt4C]DDT (40 and 85 mCi/mmol) was purchased from Amersham Corp., Arlington Heights, Ill., and [14C]methoxychlor rI1,1,1-trichloro-2.2-bis(4-methoxyphenyl)ethane] (5.08 mCi/mmol) was purchased from Pathfinder Laboratories Inc., St. Louis, Mo. The purity of radiolabeled chemicals was monitored by thin-layer chromatography and high-performance liquid chromatography (HPLC). When necessary, these compounds were repurified by thin-layer chromatography. The purity of radiolabeled compounds used in these experiments was 98% or greater.
Gas-liquid chromatography. A gas-liquid chromatograph (GLC) (model 3700; Varian, Sunnyvale, Calif.) equipped with an electron capture detector and a digital integrator (model 3390; Hewlett-Packard Co., Palo Alto, Calif.) was used in this study. DDT, DDT metabolites, and their derivatives were separated on a glass column (1.8 m by 2 mm) packed with 3% OV-1 on Gas Chrom Q (100/120 mesh; Applied Science Laboratories, State College, Pa.). The column temperature was 220°C, the injector temperature was 240°C, and the detector temperature was 350°C. Nitro 3 -day intervals as previously described (7). DDT disappearance and metabolite formation were assayed as previously described (7) . Glucose concentration was measured by the procedure described by Nelson (24 chrysosporium, cultures were extracted with hexane and methylene chloride as described above. Following these extractions, particulate matter (i.e., mycelium) was separated from the aqueous fraction by filtration. Safety Solve (10 ml) was added to the recovered mycelium in a scintillation vial. Safety Solve (10 ml) was also added to 1-ml aliquots of the hexane, methylene chloride, and aqueous fractions. The radioactivity of all fractions was determined by liquid scintillation spectrometry. Figure 2 shows that DDT was degraded by nutrient nitrogen-deficient cultures of P. chrysosporium. Degradation was measured by DDT disappearance and ["'C]DDT mineralization. Glucose utilization and fungal growth results, as measured by mycelium dry weight, are also presented in Fig.  2 . During the first 3 days of incubation, vigorous growth occurred, as evidenced by the fact that approximately 32% of the glucose originally present was consumed during this time, resulting in production of a clearly visible mycelial mat. The fungus achieved 50% of its maximal mass during this period. A substantial amount of DDT (15%) disappeared during the first 3 days of incubation. However, degradation does not appear to be extensive as no mineralization of ["'C]DDT was observed during this time and DDD was the only metabolite observed. During the 30-day incubation period, approximately 50% of the DDT was degraded, as measured by DDT disappearance. Mineralization of ["QC]DDT began to occur between days 3 and 6 and continued to occur throughout the incubation period (30 days). As discussed below, the presence of a number of other DDT metabolites was first observed during this time.
RESULTS
Mineralization appears to be first order with respect to DDT concentration. For example, in an earlier study (7) we found that when the initial concentration of[r"C]DDT was 0.125 ,uM, roughly 4% of the [14C]DDT originally present was mineralized during the 30-day incubation period. In the present study (Fig. 2) from 0.125 to 17 pLM. These findings are similar to those of Eaton (8) , who showed that 14C-labeled polychlorinated biphenyl mineralization was also proportional to14C-labeled polychlorinated biphenyl concentration.
The rate of DDT disappearance appeared to decline as the concentration of glucose decreased (Fig. 2) . In studies in which additional glucose was added after 31 and 61 days of incubation, it was shown that greater than 99% of the DDT originally present was degraded after 75 days of incubation (6) (22, 31) . During the remainder of the incubation period, the concentration of DDD decreased such that it was barely detectable after 30 days of incubation. After 6 days of incubation, another DDT metabolite having a retention time identical to that of DBP was observed. The concentration of this material reached a maximum after 12 days of incubation and gradually declined for the rest of the incubation period. Mass-spectral analysis of this material revealed the presence of a parent ion of mle 250, a base peak of mle 139, a fragment ion of mle 111, indicative of the p-chlorophenyl ion, and a fragment ion of mle = 215, indicative of the 4-chlorobenzophenone fragment. These findings are consistent with a structural assignment as DBP (22, 31) . However, because DBP is a known thermal decomposition product of dicofol in some GLC systems (22) , acetylated DDT biodegradation products (which are more resistant to thermal degradation) were also examined. These studies confirmed the presence of a compound which comigrated with authentic dicofol acetate. The mass spectrum (Fig. 4) of this material strongly resembled that of DDE, having a parent ion of mle 316, as well as other fragments (mle 246, 233, and 176) diagnostic of this DDT metabolite (22, 31) . However, a base peak of mle 43 (characteristic of acetates) was found, rather than a base peak of mle 246, expected for DDE. Also, a fragment of mle 293, which is not found in mass spectra of DDE, occurred in mass spectra of this material. These studies are consistent with a structural assignment as dicofol acetate. It has been shown by others (21) that dicofol acetate undergoes zinccatalyzed thermolytic decomposition to form DDE; it is therefore not surprising to find that the mass spectra of these two compounds are very similar, although clearly not identical. The presence of a strong peak of mle 251 indicates that cleavage to form the 4,4'-dichlorobenzhydrol ion is a major alternative fragmentation pattern. The presence, in the dicofol acetate mass spectrum, of fragment ions of mle 139 and 111, which are also diagnostic for 4,4'-dichloro- benzhydrol, supports this interpretation. Lastly, the fragment ion of mle 293 was apparently formed by the loss of the trichloromethyl moiety. Thus these findings confirm a structural assignment as dicofol acetate; they also confirm that dicofol was the underivatized DDT metabolite.
Mass-spectral studies were supported by studies in which [14C]DDT metabolites were separated by HPLC (Fig. 5) 30 days, after which the cultures (four) were extracted with hexane and prepared for HPLC as described in Materials and Methods.
were shown to comigrate with authentic dicofol and with DBP.
We have previously shown that DDD is a major P. chrysosporium metabolite of DDT and, indeed, was the only metabolite observed during the first 3 days of incubation (5, 7) . This, coupled with the fact that it disappeared fairly rapidly after the cultures became ligninolytic (after 3 to 4 days), prompted us to look for metabolites of DDD. Except for DBP, none of the metabolites of DDD in the DDT degradation pathway proposed for bacteria were found. However, a metabolite whose acetylated derivative comigrated with authentic FW-152 acetate during GLC was found. Like the situation for dicofol acetate, the mass spectrum of FW-152 acetate was very similar to that of DDE, except that a small amount of a parent ion of mle 376 was observed, thus documenting the structural assignment of the underivatized metabolite as FW-152. A radiolabeled DDT metabolite which comigrated with authentic FW-152 was also found in HPLC studies (Fig. 5) .
These studies suggest that during the first 3 days of incubation, P. chrysosporium cultures are able to catalyze the reductive dechlorination of DDT to DDD under these culture conditions. Upon continued incubation the ability to hydroxylate both DDT and DDD was induced, enabling the fungus to form dicofol and FW-152, respectively, as well as a number of other metabolites. The fungus also began to mineralize DDT during this time. It is interesting that the onset of hydroxylase activity coincided with the onset of idiophasic metabolism and with the biosynthesis of the lignin-degrading peroxidases and the concomitant ability of the fungus to degrade lignin (32) . It Fig. 6 is the sole or at least the major DDT-biodegradative pathway in this fungus. The identity of a number of additional metabolites remains to be determined.
Previous studies in our laboratory (5-7) and by others (4, 8, 16, 28) (ii) are nonspecific, and (iii) participate in the biodegradation of other xenobiotics (16, 28) , the latter hypothesis is favored.
Early studies of DDT degradation in fungi showed that the soil fungi Trichoderma viride (20) (20) , whereas a number of unidentified metabolites were observed in cultures of M. alterans (2, 3) . Also, Engst et al. discovered that Fusarium oxysporum degraded DDT via a pathway very similar to that proposed for bacteria (9) (10) (11) . More recently, Subba-Rao and Alexander (30) have studied cometabolism of DDT by several species of fungi. Their results show that certain species of fungi are able to convert DDT to some common DDT metabolites as well as a number of unidentified metabolites. For example, Aspergillus flavus ATCC 11495 converted DDT to DBH, DDD, and DDE, whereas Thanatephorus cucumeris converted DDT to DBP, DDD, and DDE. An interesting aspect to their work was the finding that although eight species of fungi did not cometabolize DDT, they did readily degrade DDT metabolites such as 2,2-bis(4-chlorophenyl)acetic acid, DDM, and DBH. It was suggested by these authors that the resistance of DDT to degradation may be attributed to the trichloromethyl moiety of the molecule. Thus the ability of P. chrysosporium to catalyze the initial oxidation of DDT by hydroxylation of the benzylic carbon of DDT to form dicofol, a tertiary alcohol, might be expected to have a profound effect upon the ability of the molecule to undergo subsequent oxidative degradation, because introduction of a hydroxyl group at C-1 of DDT would be expected to make the trichloromethyl group more labile to cleavage and/or subsequent metabolism. In general, tertiary alcohols are difficult to oxidize. However, substitution of the benzylic hydrogen atom of DDT to form dicofol results in formation of a tertiary alcohol whose hydroxylbearing carbon is bonded to four bulky and electrophilic groups, a condition which would be expected to favor subsequent carbon-carbon bond cleavage to relieve steric crowding. Indeed, the trichloromethyl group of dicofol is extraordinarily susceptible to carbon-carbon bond cleavage for 24 h at 20 to 30°C has been shown to cause 100% conversion to DBP (33) . Similarly, relatively mild temperatures (125 to 140°C) in the presence of zinc also cause conversion of dicofol to DBP (21). It is not yet known whether oxidative cleavage of the trichloromethyl group of dicofol to form DBP is a major step in the biological degradation of DDT by P. chiysosporiuin. However, because FW-152, the product of aliphatic reductive dechlorination of dicofol, was found as a major metabolite, it seems reasonable that the pathway between dicofol and DBP in P. chrysosporium might proceed in a manner similar to that observed in bacterial systems, in which the trichloromethyl carbon undergoes successive reductive dechlorinations followed by oxidation to the carboxylic acid, which then undergoes decarboxylation to form DBP. However, we have not found the expected carboxylic acid metabolite [2- hydroxy-2,2-bis(p-chlorophenyl)acetic acid] that would support such a conclusion.
The DDT metabolite DBP undergoes reductive dechlorination of the aromatic ring to form 4-chlorobenzophenone in the fungus Aspergillus niger (30) . Another fungus, which causes false smut in rice, catalyzed aromatic ring cleavage of DDM to form p-chlorophenylacetic acid (30 Matsumura (19) has presented a "microbiologic and environmental" pathway for DDT degradation which is, in part, very similar to the pathway outlined in Fig. 6 . However, to our knowledge, P. chrysosporium is the first microorganism shown to make extensive use of such a pathway in the complete degradation of DDT in axenic culture. Further elucidation of the details of the pathway between DDT and CO2 in this microorganism are in progress.
